Staphylococcus aureus is a major cause of skin and soft tissue infections, such as furuncles, carbuncles, and abscesses, but it also frequently colonizes the human skin and mucosa without causing clinical symptoms. Panton-Valentine leukocidin (PVL) is a pore-forming toxin that has been associated with soft tissue infections and necrotizing pneumonia. We have compared the genotypes, virulence gene repertoires, and phage patterns of 74 furunculosis isolates with those of 108 control strains from healthy nasal carriers. The large majority of furunculosis strains were methicillin sensitive. Clonal cluster (CC) 121 (CC121) and CC22 accounted for 70% of the furunculosis strains but for only 8% of the nasal isolates. The PVL-encoding genes luk-PV were detected in 85% of furunculosis strains, while their prevalence among colonizing S. aureus strains was below 1%. luk-PV genes were distributed over several lineages (CCs 5, 8, 22, 30, and 121 and sequence type 59). Even within the same lineages, luk-PV-positive phages characterized furunculosis strains, while their luk-PV-negative variants were frequent among nasal strains. The very tight epidemiological linkage between luk-PV and furunculosis, which could be separated from the genetic background of the S. aureus strain as well as from the gene makeup of the luk-PV-transducing phage, lends support to the notion of an important role for PVL in human furunculosis. These results make a case for the determination of luk-PV in recurrent soft tissue infections with methicillin-sensitive as well as methicillin-resistant S. aureus.
Skin and soft tissue infections (SSTIs) are the most frequent type of disease caused by Staphylococcus aureus outside the hospital setting. SSTIs comprise a diverse range of clinical pictures, such as furuncles, carbuncles, subcutaneous abscesses, folliculitis, bullous impetigo, and staphylococcal scalded skin syndrome (23) . Furunculosis is a very common disease characterized by infection of the hair follicles and the local accumulation of pus and necrotic tissue. Even mild lesions are painful and unsightly and often leave a scar after they heal (20) . Antibiotic treatment is frequently not effective, and many furunculosis patients suffer from recurrent episodes or develop chronic symptoms over months and years without a period free from outbreaks (20) .
Apart from being a major human pathogen, S. aureus is also a frequent colonizer of the human skin and mucosa (53, 57) . The bacteria find their primary ecological niche in the human nose; but they are also able to colonize the skin, throat, and intestines, sometimes exclusively (1, 35) . About 20% of the healthy population are persistent nasal S. aureus carriers (53, 57) . Patients suffering from chronic furunculosis are usually S. aureus carriers, and skin and nose isolates from a given patient commonly have identical characteristics (10, 48, 51) .
The species S. aureus displays extensive genetic variability. Genotyping analyses, such as multilocus sequence typing (MLST) and protein A (spa) sequence typing, demonstrated that the S. aureus population structure is highly clonal with 10 major and many minor clonal clusters (CCs) (14, 22, 34, 38) . Mobile genetic elements comprise 15% of the S. aureus genome (32) . They contain plasmids, phages, and pathogenicity islands and carry a variety of virulence and resistance genes which can strongly enhance the virulence of staphylococci (31, 33) . For example, staphylococcal prophages, which are classified into seven types (Sa1int to Sa7int), can harbor the genes for exfoliative toxin A (Sa1int), the pore-forming toxin PantonValentine leukocidin (PVL; Sa2int), and superantigens (SAgs; Sa3int) (17) . Most mobile genetic elements can readily spread horizontally among S. aureus strains of the same clonal cluster, while transfer between clusters is limited (17, 22, 33, 56) .
Despite intensive research efforts, it still remains elusive how staphylococcal virulence is determined on a molecular level. Numerous studies compared the core genome and virulence gene repertoire of blood culture and colonizing isolates but failed to identify factors clearly related to virulence (14, 22, 33) . This suggests that invasion into the bloodstream does not require special bacterial virulence traits but mainly depends on host factors, e.g., barrier breakage, the presence of indwelling catheters, or a compromised immune system. In contrast, the causative virulence factors for a number of toxin-mediated diseases are well known. Toxic shock syndrome and food poisoning are caused by SAgs (15), while staphylococcal scalded skin syndrome and bullous impetigo are associated with exfoliative toxins (3, 18, 30) .
PVL is a pore-forming toxin which is composed of two protein components (LukF and LukS) that very efficiently disrupt the cell membrane of neutrophils (25) . PVL has been associated with chronic or recurrent skin and soft tissue infections and with necrotizing pneumonia, which also affect immunecompetent persons (7, 16, 31, 54) . One PVL-producing S. aureus clone, USA300, a community-acquired methicillin-resistant S. aureus (CA-MRSA) member of CC8, is epidemic in the community in the United States and causes severe SSTIs and necrotizing pneumonia (40) .
The aim of the molecular epidemiological study described here was to further elucidate the molecular determinants of virulence in chronic furunculosis, in particular, to assess the contributions of the bacterial genetic background versus those of virulence factors and phages. By applying spa genotyping and PCR-based virulence gene and phage profiling, we observed strong associations of PVL and the genetic background with furunculosis.
MATERIALS AND METHODS

Study population and bacterial isolates. (i) Furunculosis strains. S. aureus
isolates from 74 patients with furunculosis were obtained from a typical mature furuncle (fresh pus) by a physician during the acute phase of skin infection or by a surgeon during abscess incision. In 11 cases, nose swab specimens were taken in parallel. The study was carried out at the Department of Microbiology and Immunology, Pomeranian Medical University, Szczecin, Poland, between 2002 and 2008.
(ii) Nasal strains. One hundred eight nasal S. aureus isolates were obtained from 362 healthy blood donors at the Department of Microbiology and Immunology, Pomeranian Medical University, in March 2006. Volunteers who reported that they had had skin infections at some time during the previous 2 years were excluded. All participants gave informed consent, and the study was approved by the Ethics Board of Pomeranian Medical University in Szczecin, Poland. The genotypes and virulence genes of a subset of these strains (the 28 CC30 isolates) were previously published by Holtfreter et al. (22) .
S. aureus identification and DNA isolation. S. aureus was identified by standard diagnostic procedures and a gyrase PCR (22) . Total DNA of S. aureus was isolated with a DNeasy blood and tissue kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. spa genotyping. PCR for amplification of the S. aureus protein A (spa) repeat region was performed according to the description in the published protocol (2, 19) . PCR products were purified with a QIAquick PCR purification kit (Qiagen) and sequenced by a commercial supplier (Agowa, Berlin, Germany) by using both amplification primers. The forward and reverse sequence chromatograms were analyzed with StaphType software (Ridom GmbH, Würzburg, Germany). The spa types were clustered into different groups with the BURP algorithm (Ridom GmbH) and by use of the following setting: the calculated cost between members of a group was less than or equal to five. spa types shorter than five repeats were not clustered, because they do not allow the reliable deduction of ancestries. Since the results of spa typing and MLST are highly concordant (47) , the spa typing data could easily be mapped on the MLST types by using the SpaServer database (www.spaserver.ridom.de).
Detection of S. aureus virulence factors and phages by PCR. PCR was used to screen for a total of 26 genes. Single PCR was applied for the detection of 16S rRNA, gyrase (gyr), methicillin resistance (mecA), PVL (luk-PV), and exfoliative toxin etb. Six sets of multiplex PCRs were applied to amplify (i) sea, seh, sec, and tst; (ii) sed, etd, eta, and sek; (iii) see, seb, sem, sel, and seo; (iv) sen, seg, seq, and sej; (v) sei, ser, seu, and sep; and (vi) agr types 1 to 4, as reported previously (22) . Single and multiplex PCRs were performed with the GoTaq Flexi DNA polymerase system (Promega, Mannheim, Germany), as described previously (22) . All PCR products were resolved by electrophoresis in 1.5% agarose gels (1ϫ TBE [Tris-borate-EDTA] buffer), stained with ethidium bromide, and visualized under UV light. Positive controls included DNA from SAg gene-positive S. aureus reference strains, while S. aureus strain 8325-4 served as a negative control.
Multiplex PCR for the Sa1int to Sa7int phage integrase genes was performed as reported previously (17) .
Statistical analysis. Categorical variables were assessed by using Pearson's chi-square test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Study cohorts.
To identify virulence determinants in S. aureus furunculosis, we analyzed the genotypes, virulence gene patterns, and phage profiles of 74 S. aureus isolates from furunculosis patients and 108 nasal isolates from healthy carriers ( Table 1) .
spa-defined clonal lineages. To clarify the role of the core genome in furunculosis, we performed spa typing of the furunculosis and nasal isolates. This revealed 91 different spa types, which were assigned to 10 CCs and 4 sequence types (STs) by BURP clustering. Singletons, i.e., spa types which could not be assigned to a CC or ST, occurred among nasal strains (9/108) and furunculosis strains (1/74). Nine strains were excluded from BURP clustering because the spa repeats were too short, and two strains were spa negative.
As expected, the nasal strains showed a highly diverse population structure (Fig. 1 ). The major lineages (i.e., those containing more than 5% of the isolates) included CC30 (26%), CC15 (17%), CC45 (10%), and CC25 (6%), whereas CCs 5, 8, 12 , and 121 and STs 7, 59, and 109 were rarely detected.
In sharp contrast, 55.4% (41/74; P Ͻ 0.001) of all furunculosis strains belonged to the CC121 lineage ( Fig. 1) . Notably, this lineage was rare among nasal strains (3.7%; 4/108) ( Fig. 1) . spa types were diverse within this lineage: among the 41 furunculosis-associated CC121 isolates, we observed 14 different spa types, with spa types t159 (13 isolates) and t435 (8 isolates) being the most prevalent. All four commensal CC121 strains belonged to different spa types. Moreover, CC22 was overrepresented among furunculosis strains (14.9% versus 3.7% among colonizing nasal strains; P Ͻ 0.01). Together, CC121 and CC22 accounted for 70.3% of all furunculosis isolates, and, accordingly, the prevalence of other lineages such as CC15, CC25, and CC30 was significantly reduced.
Nasal strains were available from 11 of the 74 patients. In all cases, the furunculosis and nasal strains were clonally identical (see Table S1 in the supplemental material). This confirms the findings of an earlier study, which reported the same phage type in the nose and the lesion in the majority of furunculosis patients (57) .
Virulence gene repertoire. To address the contribution of virulence factors to furunculosis, we next determined the genes encoding the methicillin resistance (mecA); PVL toxin (luk- PVL. The genes encoding the PVL toxin were a characterizing feature of the furunculosis strains but were almost absent from the nasal isolates. In total, 85.1% (64/74) of the furunculosis strains but only one nasal isolate were luk-PV positive (P Ͻ 0.001; Fig. 2 and 3) . The phage-encoded luk-PV genes were widely distributed among the different lineages. All CC5, CC8, CC22, CC30, CC121, and ST59 isolates were luk-PV positive, whereas strains belonging to CC1, CC15, CC45, and ST20 lacked the luk-PV genes (Fig. 3A) .
SAg. SAg genes were more or less tightly linked to staphylococcal lineages, which is in agreement with the findings of previous studies (Fig. 2) (22, 36, 39 ). For example, egc SAgs, which are encoded on the vSA␤ genomic island, were strictly linked to CC5, ST20, CC22, CC30, CC45, and CC121. Other SAgs with strong CC linkages were tst (CC30), sea (CC30), sec and sel (CC45), sep (ST7), and seb (CC121) (Fig. 2) . However, within certain CCs and even within the same spa type there was remarkable variation in the SAg gene patterns. This suggests that the horizontal transmission of SAg-encoding mobile genetic elements occurs frequently within lineages but might be limited between lineages.
To avoid a bias caused by the uneven distribution of CCs among furunculosis and nasal strains, we next compared the SAg gene patterns for each CC separately. The seb SAg gene was significantly more frequent among furunculosis-associated strains than among nasal CC121 strains (23/41 and 0/4, respectively; P Ͻ 0.05). Except for seb, the furunculosis and nasal strains did not differ in their SAg gene patterns. Earlier studies also found no particular association of enterotoxin genes with impetigo or furunculosis (10, 18, 24) .
ETs. Exfoliative toxins (ETs) ETA and ETB but probably not ETD are strongly associated with bullous impetigo and staphylococcal scalded skin syndrome but are absent from furunculosis strains (18, 59) . In line with this finding, eta, etb, and etd were rare among our furunculosis and nasal strains. The etd gene was strictly linked to CC25 (Fig. 2) , a lineage which contained only nasal strains. This confirms the microarray data of Monecke et al., who detected the pathogenicity island comprising edinB and etd exclusively in CC25 strains (38, 39) .
Accessory gene regulator (agr). agr is a global regulator of virulence gene expression; and four different agr types, agr-1 to agr-4, are known. The agr locus belongs to the core variable genome and is thus strictly linked to CCs (33) . In agreement with the findings of other studies (22, 36, 39) , we observed that agr-1 was linked to CC8, CC22, CC45, ST7, and ST59; agr-2 was present in CC5, CC12, CC15, and ST109; agr-3 was associated with CC1 and CC30; and agr-4 was detected in CC121.
On the basis of the results of our PCR analyses, we could define the virulence gene signature of furunculosis CC121 isolates as follows: mecA negative, luk-PV positive, egc positive, frequently seb positive, and agr-4. CC22 furunculosis strains were characterized as mecA negative, luk-PV positive, egc positive, and agr-1.
Phages. Several S. aureus virulence factors, including PVL; ETA; and SAgs SEA, SEP, SEK, and SEQ, are encoded by staphylococcal phages. To correlate the observed virulence gene profile with the prevalence of phages, we applied a multiplex PCR for the phage-specific integrase genes Sa1int to Sa7int which was recently described by Goerke et al. (17) . Almost all strains (96.7%) carried phages, usually between one and three. Phage Sa3int was by far the most prevalent, followed by Sa2int, Sa1int, Sa6int, Sa5int, and Sa7int (Table 2) . Except for Sa1int and Sa6int, the phage frequency profiles of the 108 nasal strains were very similar to the frequencies reported by Goerke and coworkers for nasal isolates from Germany; Sa1int and Sa6int, however, were more abundant in the Polish strain collection (17) .
The prophage prevalence was linked with the spa-defined clonal background. For example, the Sa2int phage was highly
FIG. 1. Prevalence of spa-defined CCs among furunculosis strains (A) and colonizing strains (B)
. CC121 and CC22 together accounted for 70.3% of the furunculosis strains but for only 8% of the colonizing isolates. spa types were clustered into 10 CCs and 4 STs by BURP analysis. The MLST-CC nomenclature was deduced from the spa CCs by using the Ridom SpaServer database. Chi-square test. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001. n.d., not determined.
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FIG. 2. Distribution of virulence genes and phages within spa-defined CCs among furunculosis strains (A) and colonizing strains (B)
. luk-PV genes were detected in 85% of furunculosis strains, while their prevalence among nasal strains was below 1%. Furunculosis and colonizing strains did not differ in their SAg gene patterns. For a reliable construction of the consensus tree, some reference spa types were included in the BURP clustering (gray lettering). Virulence genes (SAg genes, agr, eta, etb, etd, luk-PV, and mecA) and phage types were determined by PCR. Staphylococcal enterotoxins (SEs) are indicated by single letters (a sea, etc.). ID, identifier; n.d., not determined. abundant among CC25 and CC30 isolates but absent from all CC45 and CC5 isolates (Table 2) . Similarly, the highly prevalent Sa3int phage was present in all CC5, CC22, CC25, and CC45 strains but was rare among CC15 isolates. This linkage between phage groups and clonal lineages was previously reported by Goerke at al. and indicates that the spread of phages in the S. aureus population is at least partially restricted (17) .
The phage patterns of the furunculosis and nasal strains were remarkably different, which can be partially explained by a bias in the prevalence rates of the CCs. Furunculosis strains carried, on average, more phages per strain (2.12 versus 1.69). The Sa2int and Sa3int phages were more frequent among furunculosis strains, while phages Sa5int, Sa6int, and Sa7int were more often detected among nasal strains (Table 2) .
However, the most striking difference concerned phage Sa2int. In our strain collection, we observed luk-PV-positive and luk-PV-negative variants of this phage group. While luk-PV-positive Sa2int phages were found in 81% of the furunculosis strains but in only one nasal isolate (P Ͻ 0.001), its luk-PV-negative counterpart was present in one-third of the nasal strains but in only 5% of the isolates associated with furunculosis (P Ͻ 0.001) (Fig. 3) . Remarkably, CC30 (and CC8) strains from furunculosis patients harbored luk-PV-positive Sa2int phage, whereas commensal strains belonging to the same clonal lineage contained its luk-PV-negative variant. All furunculosis-associated isolates from the typical lineages CC121 and CC22 harbored luk-PV-positive phage Sa2int, while the commensal CC121 and CC22 isolates did not contain this phage at all and were therefore luk-PV negative. This very strong association of luk-PV genes with furunculosis indicates an important pathogenic role for the PVL toxin.
DISCUSSION
SSTIs are the most common diseases caused by S. aureus in the community, and the recent spread of PVL-positive CA-MRSA has spurred scientific and public interest in this neglected disease. In the United States, CA-MRSA clone USA300 causes about 60% of the cases of severe SSTIs among patients presenting to U.S. emergency departments (7, 40) . However, in Europe, the large majority of SSTIs are caused by methicillin-susceptible S. aureus (MSSA) strains and PVL-positive CA-MRSA strains are still uncommon, accounting for less than 1% of all MRSA isolates (45) . The prevalence of CA-MRSA was also low in our study: only one CA-MRSA (ST59) strain was isolated from a furunculosis patient.
A major finding of our study is that only two lineages, CC121 and CC22, accounted for 70% of the furunculosis MSSA strains. Notably, all were luk-PV positive, while their colonizing counterparts never harbored luk-PV genes. The pronounced genetic diversity of the CC121 isolates (16 spa types) and CC22 isolates (6 spa types) from patients and controls cannot be explained by clonal outbreaks but suggests a long-term endemic persistence and diversification of these lineages. CC121 and CC22 differed in agr types but had similar virulence gene signatures: egc SAg genes and frequently in CC121 isolates seb genes but no other SAg genes and no exfoliative toxin genes.
SSTIs caused by luk-PV-positive MSSA CC121 strains have been reported from Saxony and Brandenburg in Germany as well as from hospitals in Russia, showing that this CC has a worldwide distribution (4, 39, 55, 58) . Similar strains also caused highly lethal community-acquired pneumonia and severe sepsis with progressive metastatic soft tissue infection (4, 46) , demonstrating the virulence potential of this lineage.
A different subclass of CC121 isolates harbors the eta and/or etb gene but lacks the luk-PV locus. These strains commonly cause staphylococcal scalded skin syndrome and bullous impetigo (28, 43) , toxin-mediated staphylococcal diseases which are associated with eta or etb in 65 to 100% of the cases (10, 18, 26, 30, 60) . One such CC121 clone, characterized by ST123 and spa type t171, is notorious as the "epidemic European fusidic acid-resistant impetigo clone (EEFIC)" (27-29, 42, 44, 52) . This suggests that within a given clonal background, i.e., In our molecular epidemiological study, we further consolidated the role of PVL in furunculosis. Generally, the potent PVL toxin is epidemiologically associated with furunculosis, abscesses, and skin lesions but is absent from isolates causing impetigo, blisters, or staphylococcal scalded skin syndrome (21, 31) . In our cohort, 85% of MSSA isolates from patients with furunculosis harbored luk-PV genes. Others have reported luk-PV gene frequencies of from 30 to 97% among isolates causing SSTIs (10, 18, 21, 31, 39) . In striking contrast, the prevalence of luk-PV among colonizing S. aureus strains was below 1%, which, again, is in agreement with the findings of previous studies (22, 38) . However, it must be emphasized that not all furunculosis-associated strains harbored the PVL gene, implying that additional factors, either host or pathogen derived, affect the development of furuncles.
For example, the SAg gene seb was present significantly more frequently among furunculosis-associated strain than among nasal CC121 strains. However, about half of these CC121 strains were seb negative. Moreover, while PVL was distributed over a broad range of staphylococcal lineages, seb was detected only in CC121, CC1, and ST59 strains. This suggests that SEB might contribute to the disease process in CC121 isolates, but its linkage with furunculosis is much weaker than that of PVL.
The present study highlights the genetic diversity of luk-PVpositive MSSA strains. luk-PV genes were detected in isolates belonging to CC5, CC8, CC22, CC30, CC121, and ST59, confirming and extending the findings from Saxony, Germany, that have been reported by Monecke et al. (39) . Similarly, the luk-PV genes were demonstrated in a range of MRSA isolates worldwide, which belonged to 10 different MLST sequence types (STs 1, 5, 8, 22, 30, 59/359, 80/583, 88, 93, and 152) (9, 36, 54) . This diversity suggests a dominant role for PVL above that of the clonal background in the pathogenesis of furunculosis. Moreover, it indicates the occurrence of frequent and independent luk-PV gene acquisition events by S. aureus (36, 39) . The high degree of genetic mobility of luk-PV can be attributed to its localization on phage of group Sa2int, which transduces PVL genes within the species S. aureus (17, 41) . However, there appear to be restrictions in the transfer of phages between lineages, since we and others (almost) never observed phage Sa2int in CC45 strains (17, 39) . Phage group Sa2int comprises 11 closely related luk-PV-positive and luk-PV-negative phages (17) . In our study, only luk-PV-positive Sa2int phage was closely linked to furunculosis strains, whereas luk-PV-negative phage variants were frequent among colonizing strains. Remarkably, this was also the case when furunculosisassociated and colonizing strains belonged to the same lineage, CC30 and CC8, underlining the very strong association of luk-PV with chronic furunculosis.
The importance of PVL as a virulence factor in S. aureus infections is currently under debate, because studies addressing its role in mouse models of skin and lung infections produced contradictory results (5, 6, 8, 50) . This study shows a very tight epidemiological linkage between luk-PV and furunculosis, which can be separated from the genetic background of the S. aureus strain as well as from the gene makeup of the luk-PVtransducing phage. The findings therefore lend support to the notion of a causative role for PVL in human furunculosis.
However, this does not explain the strong overrepresentation of CC121 and CC22 among the furunculosis isolates, which indicates that PVL and the core genome act in synergy, as has been proposed by Fan and coworkers (13) . Apart from bacterial virulence factors, the disposition of the host, such as the presence of immune suppression and gene polymorphisms, exposures, and personal hygiene, might play an important role (11, 12) .
Our results have consequences for the diagnosis and therapy of S. aureus infections. luk-PV genes are recognized worldwide as markers for epidemic CA-MRSA (36, 49, 54) . This study and work by others in recent years have demonstrated that in Europe, SSTIs with luk-PV-positive MSSA strains are common (36, 45) . As shown in this study, SSTI-associated strains will, in most cases, be characterized by PVL and/or a permissive genetic background and will exhibit a particular virulence. Thus, PVL-associated symptoms might frequently be encountered, even in settings where CA-MRSA is rare. The implementation of a luk-PV test for the diagnosis of S. aureus infection would therefore provide important information for the treating clinician. Our findings are also relevant for therapy, because we and others have shown that the vast majority of patients with chronic furunculosis (87 to 100%) are nasal carriers of their infecting S. aureus strain (10, 48, 51) . To prevent repeated reinfection, the elimination of this S. aureus strain from the whole body as well as the patient's environment should be the aim of therapy for chronic furunculosis (58, 61) .
